Introduction {#s1}
============

Both gastric and colorectal cancers are the most frequently occurring malignancies worldwide whose incidence has increased in recent years [@pone.0049683-Crew1], [@pone.0049683-Jemal1]. Although diverse novel treatment modalities, including surgical, medical, and radiological, have been introduced, the clinical course of gastric and colorectal cancer (CRC) is variable and the overall prognosis remains unsatisfactory. Therefore, identification of key genes involved in the molecular pathogenesis of gastric cancer and CRC are likely to result in novel and more effective therapeutic strategies.

Inactivation of multiple tumor suppressor genes (TSG) is a key molecular event in the multi-step genetic pathogenesis of CRC [@pone.0049683-Kinzler1]. In addition to genetic changes, epigenetic inactivation of TSGs plays an important role in carcinogenesis [@pone.0049683-Jones1]. Epigenetic silencing through aberrant methylation of CpG islands (CGI) in TSG promoter regions occurs in virtually all tumor types [@pone.0049683-Jones1]. Particularly, a growing list of aberrantly methylated TSGs has been reported in CRCs, including *APC*, *MGMT*, *MLH1*, *p16^INK4A^*, *VHL*, *RASSF1A*, *HIC1*, *CHFR*, *ADAMTS18*, *PCDH10* and *DLEC1* [@pone.0049683-Esteller1]--[@pone.0049683-Ying2] as well as in gastric cancer [@pone.0049683-Leung1], [@pone.0049683-Bernal1].

In the present study, we screened for TSGs silenced by aberrant promoter methylation in CRC and found hypermethylation of the *cystathionine-beta-synthase* (*CBS*) gene which encodes for a key enzyme in folate metabolism [@pone.0049683-Bao1], [@pone.0049683-Kraus1]. Recent work has focused on enzymes involved in folate metabolism, since methylation of DNA is dependent on these pathways [@pone.0049683-Ott1]--[@pone.0049683-Shannon1]. Genetic instability with characteristic chromosomal imbalances is a characteristic feature of carcinogenesis. Homocysteine and folate metabolism is related to DNA integrity, and genetic variants that functionally influence homocysteine and folate metabolism are associated with different types of cancer such as CRC, non-Hodgkin's lymphoma, etc [@pone.0049683-Linnebank1], [@pone.0049683-Kim2]. The aim of the present work was to examine whether *CBS* was a new potential TSG and to test if *CBS* mRNA expression was downregulated by promoter hypermethylation in CRC, as well as in gastric cancer. We also investigated the potential role of *CBS* gene hypermethylation as a biomarker to predict tumor relapse or metastasis in stage II (T~3~N~0~M~0~) CRC patients.

Materials and Methods {#s2}
=====================

Ethics Statement {#s2a}
----------------

This study was conducted in accordance with the Helsinki guidelines for human subjects studies and was approved by the Institutional Review Board of the Cancer Hospital, Chinese Academy of Medical Sciences (CAMS), Beijing, China. Signed informed consent was obtained from all study participants for sample collection and analysis.

Cell Lines {#s2b}
----------

Four CRC (HCT116, HT29, LoVo and SW480) and 16 gastric cancer (Kato III, YCC1, YCC2, YCC3, YCC6, YCC7, YCC9, YCC10, YCC11, YCC16, SNU719, AGS, MKN28, MKN45, SNU1 and SNU16) cell lines were used [@pone.0049683-Ying2]. Cell lines were routinely maintained in RPMI-1640 medium with 10% FBS. The HCT116 cell line with genetic knockout of DNA methyl-transferase genes *DNMT1* and *DNMT3B* (double knockout, HCT116^DKO^) was a gift from Dr. Bert Vogelstein, Johns Hopkins University [@pone.0049683-Rhee1] and cultured in the presence of 0.4 mg/ml genecitin or 0.05 mg/ml hygromycin.

Tumor Samples {#s2c}
-------------

All primary samples including four paired fresh CRC and normal tissues, 96 primary formalin fixed paraffin embedded (FFPE) CRC tissues and 20 FFPE gastric cancer of tissues, were obtained from the Department of Pathology, Cancer Hospital, CAMS, Beijing, China. In addition, for methylation study, corresponding tumor-free margins from 20 gastric cancer and 17 CRC patients were analyzed. All patients did not undergo previous chemo- or radiotherapy since they presented with resectable tumors. Fresh specimens were snap-frozen in liquid N~2~ and subsequently stored at −80°C until processed. The diagnosis was confirmed through hematoxylin and eosin (HE)-staining and histopathological analysis was performed to define representative tumor regions. Clinical information was available for all CRC patients, including gender, age, differentiation, and follow-up data. The median age of CRC patients was 68 years (range 37--93), and male to female ratio was 1.4∶1 (56∶40). The number of well, moderate and poor-differentiation cases was 14, 56 and 26, respectively. Cancer staging (pTNM) was defined according to the 7^th^ edition of American Joint Committee of Cancer [@pone.0049683-Edge1]. All CRC patients are at stage II (pT~3~N~0~M~0~).

DNA and RNA Extraction {#s2d}
----------------------

Total RNA and DNA were extracted from cell lines using the TRI Reagent (Molecular Research Centre). For fresh tumor tissues, frozen sections were obtained and reviewed to make sure that tumor content was more than 80% of section area. DNA was extracted from fresh tissues and FFPE samples using the QIAamp® DNA Mini kit (Qiagen) following the manufacturer's instructions.

Pharmacologic Demethylation {#s2e}
---------------------------

Two gastric cancer cell lines (YCC10 and SNU719) and one CRC (HCT116) cell line with silenced *CBS* were treated with 5 uM of 5-aza-2′-deoxycytidine (Aza) (Sigma) for three days and followed with 100 nM trichostatin A (TSA, Cayman) for one day as described previously [@pone.0049683-Ying3]. After treatment, total DNA and RNA was extracted.

DNA Methylation Analysis {#s2f}
------------------------

All DNA specimens were subjected to bisulfite modification using the EZ DNA Methylation Kit (Zymo Research) according to the manufacturer instructions. One µg of genomic DNA from each sample was bisulfite converted and eluted in 18 µl elution buffer, and 5 µl of each sample was analyzed with the Illumina Infinium DNA methylation assay using the Human Methylation45 BeadChip (Infinium Methylation 450 K, Illumina), which is an allele-specific assay with 480,000 CpG loci covering the whole genome [@pone.0049683-Dedeurwaerder1]. The protocols and probe information are available at [www.illumina.com](http://www.illumina.com). The results of the DNA methylation assay were compiled for each locus using the Illumina Bead Studio software (Illumina) and are reported as beta (β) values which are DNA methylation scores ranging from 0 to 1,reflecting the fractional DNA methylation level of a single CpG site [@pone.0049683-Dedeurwaerder1].

Semi-quantitative Reverse Transcription PCR (RT-PCR) {#s2g}
----------------------------------------------------

RT--PCR was performed as described previously [@pone.0049683-Ying1], using *GAPDH* as control. The primers for *CBS* are listed in [Table 1](#pone-0049683-t001){ref-type="table"}. The PCR program utilized an initial denaturation at 95°C for 10 min, 35 cycles (94°C for 30 s, 55°C for 30 s and 72°C for 30 s), and a final extension step at 72°C for 10 min.
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###### Primers used in this study.

![](pone.0049683.t001){#pone-0049683-t001-1}

  PCR       Primer          Sequence          Productsize (bp)   PCRcycles   Annealingtemp. (°C)
  -------- -------- ------------------------ ------------------ ----------- ---------------------
  RT-PCR    CBS-F     CAGAGGATAAGGAAGCCAAG          192             35               55
            CBS-R    TCCCAATCTTGTTGATTCTGAC                                 
  MSP       CBSm3     CGAGATATTGGTCGGCGTC           129             40               60
            CBSm4     CCCCGACTACGACGAAACG                                   
            CBSu3    TTATGAGATATTGGTTGGTGTT         135             41               58
            CBSu4    TACCCCAACTACAACAAAACA                                  

*KRAS* Mutation Detection by Real-time PCR {#s2h}
------------------------------------------

The seven hotspot mutations within codon 12 and 13 of *KRAS* gene were examined using the Human *KRAS* Mutation Qualitative Detection Kit (ACCB Biotech Ltd.). Fluorescent probes were designed to specifically detect 7 different point mutations (G12V/S/R/D/A/C and G13D). The assay was carried out according to the manufacturer's protocol using the MX3000P real-time PCR system (Stratagene). Presence or absence of mutations was assessed qualitatively from the fluorescence amplification curve.

Bisulphite Treatment and Methylation-specific PCR (MSP) Analysis {#s2i}
----------------------------------------------------------------

Bisulphite modification of DNA was carried out as described earlier using 2.4M sodium metabisulphite [@pone.0049683-Tao1]. MSP was conducted as previously described [@pone.0049683-Ying1]. MSP primers are listed in [Table 1](#pone-0049683-t001){ref-type="table"}. MSP PCR primer specificity was confirmed as they did not amplify non-bisulphite-treated genomic DNA templates. The MSP products of selected samples were confirmed by direct sequencing.

Statistical Analysis {#s2j}
--------------------

χ^2^ tests were used to analyze possible correlations between clinical parameters, *KRAS* mutation and *CBS* methylation status of tumor samples. All analyses were performed using SPSS for Windows. *P*\<0.05 was considered statistically significant.

Results {#s3}
=======

Identification of *CBS* as a Hypermethylated Gene in CRC {#s3a}
--------------------------------------------------------

We analyzed tumor and adjacent tissues from four Chinese CRC cases using Illumina methylation array that screen for 480,000 CpG *loci* covering the whole genome. Among all CpG sites that were hypermethylated in tumor samples (data not shown), four CpG sites located were in the *CBS* gene ([Figure 1A](#pone-0049683-g001){ref-type="fig"}). Analysis of the genomic sequence of the *CBS* gene, revealed that its putative promoter, exon 1 and intron 1 was a typical CGI and thus susceptible to epigenetic silencing ([Figure 1A](#pone-0049683-g001){ref-type="fig"}) [@pone.0049683-Dutta1].

![Frequent downregulation of *CBS* by promoter methylation in gastric and colorectal cancer cell lines.\
*A*, schematic diagram of the *CBS* promoter CpG island (CGI), with exon 1 (black rectangle), CpG sites (short vertical lines), MSP region is shown. The transcription start site is indicated by a curved arrow. The four CpG sites located in the *CBS* gene region identified by Illumina methylation array to be significantly hypermethylated in tumor compared to non-tumor tissues (CT/CN) are shown. *B*, Expression of *CBS* was readily detected in normal tissues. *C*, Expression and methylation of *CBS* in cancer cell lines were examined by RT-PCR and MSP, with *GAPDH* as a control. M, methylated, U, unmethylated.](pone.0049683.g001){#pone-0049683-g001}

Frequent Silencing of *CBS* by Promoter Methylation in Multiple CRC and Gastric Cancer Cell Lines {#s3b}
-------------------------------------------------------------------------------------------------

Previously, *CBS* has been shown to be strongly expressed in the brain, as well as liver, pancreas, kidney and fetal tissues [@pone.0049683-Bao1]. To further examine the correlation between *CBS* methylation and mRNA expression, we first investigated a panel of normal human tissues by semiquantitative RT-PCR. Our results showed that *CBS* was expressed in all normal tissues including colon, rectum and stomach, though at different expression levels. The highest expression level was found in pancreas and respiratory system tissues (larynx, trachea and lung) whereas low expression was in bone marrow tissue ([Figure 1B](#pone-0049683-g001){ref-type="fig"}).

To contrast *CBS* expression in normal tissues to malignant cells, we analyzed gastrointestinal tumor cell lines. Semiquantitative RT-PCR showed that *CBS* expression was decreased or silenced in 56.3% (9/16) of gastric cancer and 75.0% (3/4) of CRC cell lines ([Figure 1C](#pone-0049683-g001){ref-type="fig"}). *CBS* methylation status was also analyzed by MSP in these cell lines. We found that cell lines with reduced or silenced *CBS* expression had methylated promoters, whereas no methylation was found in the normal *CBS* expression cell lines ([Figure 2B](#pone-0049683-g002){ref-type="fig"}) indicating that *CBS* promoter methylation is a major mechanism for transcriptional silencing of this gene in most of the examined CRC and gastric cancer cell lines.

![Epigenetic downregulation of *CBS* in gastrointestinal tract cancer.\
*A*, Pharmacologic or genetic demethylation using Aza with TSA induces *CBS* expression in methylated and silenced cell lines. A+T: Aza and TSA treatment. *B*, Representative MSP results of *CBS* methylation in primary gastric cancer (GC) and colorectal cancer (CRC). U: MSP for unmethylated promoter, M: MSP for methylated promoter.](pone.0049683.g002){#pone-0049683-g002}

Restoration of *CBS* Expression by Pharmacologic and Genetic Demethylation {#s3c}
--------------------------------------------------------------------------

To determine whether methylation directly mediates the decrease of *CBS* mRNA expression, one methylated CRC (HCT116) and two methylated gastric cancer (YCC10 and SNU719) cell lines were treated with Aza, a DNA methyltransferase inhibitor, and TSA. After treatment, *CBS* expression was restored in methylated cell lines along with a marked increase of unmethylated promoter alleles ([Figure 2A](#pone-0049683-g002){ref-type="fig"}). We also found that *CBS* could be reactivated in the HCT116^DKO^ CRC cell line which is genetically demethylated through double knockout of both DNMT1 and DNMT3B. Concomitantly, unmethylated *CBS* alleles were detected in Aza-treated and HCT116^DKO^ cells, indicating that methylation of the *CBS* promoter directly leads to its silencing in CRC and gastric cancers.

Frequent *CBS* Methylation in Primary CRC and Gastric Tumors {#s3d}
------------------------------------------------------------

We further investigated the presence of *CBS* promoter methylation in 96 primary CRC and 20 gastric cancer samples using MSP analysis. *CBS* promoter methylation was detected in 30% of CRC (29/96) and 55% of gastric tumors (11 of 20), but was infrequently found in normal gastric (1/20, 5%) or colon tissue (0/17, 0%) samples ([Figure 2B](#pone-0049683-g002){ref-type="fig"}). There was no significant association of *CBS* methylation with gender, age or tumor differentiation in CRC patients (data not shown). These results suggest that hypermethylation of the *CBS* promoter is a common event in CRC and gastric cancers.

Correlation of *CBS* Methylation and *KRAS* Mutation in Primary CRC Tumors {#s3e}
--------------------------------------------------------------------------

Common mutations of codons 12 and 13 at the exon 2 of the *KRAS* gene were examined in 96 primary CRC, where *CBS* methylation status was previously analyzed ([**Table 2**](#pone-0049683-t002){ref-type="table"}). *KRAS* mutation was detected in 45% (13/29) of *CBS*-methylated and 24% (16/67) of *CBS*-unmethylated primary CRCs indicating a positive correlation between *CBS* methylation and *KRAS* mutations (*P*\<0.05). Further analysis showed no correlation of *CBS* methylation and *KRAS* mutation with cancer relapse/metastasis in stage II CRC patients ([**Table 2**](#pone-0049683-t002){ref-type="table"}).

10.1371/journal.pone.0049683.t002

###### Correlation of *CBS* methylation, *KRAS* mutation and tumor relapse/metastasis status in primary stage II CRC samples.

![](pone.0049683.t002){#pone-0049683-t002-2}

                   CBSmethylation             CBSmethylation                        Replase/metastasis                                       
  --------------- ---------------- --------- ---------------- -------------------- -------------------- ---- ---- --------------- ----- ---- ----
  KRAS mutation         Yes           13            16         Replase/metastasis          Yes           14   26   KRAS mutation   Yes   15   14
                         No           16            51                                      No           15   41                   No    25   42
  P value               0.04        P value       0.388             P value               0.189                                              

Discussion {#s4}
==========

To our knowledge, this is the first report to identify *CBS* as a methylated candidate TSG in gastrointestinal cancers. We demonstrated that *CBS* mRNA expression was absent in several colorectal and gastric cancer cell lines due to promoter methylation. Furthermore, the *CBS* gene was frequently methylated in CRC and gastric cancer patients, thus suggesting that *CBS* acts as a TSG in CRC and gastric cancer being frequently inactivated by methylation.

The gene *CBS*, located on chromosome 21q22.3, encodes an important enzyme involved in transulfuration of homocysteine produced during methyl-group metabolism [@pone.0049683-Dutta1]. Notably, *CBS* deficiency causes increased plasma methionine levels and decreased cysteine levels [@pone.0049683-Kraus1], [@pone.0049683-Majors1] which in turn are known to correlate with homocystinuria, cardiovascular disease and hepatocellular carcinoma [@pone.0049683-Kraus1], [@pone.0049683-Kim2]. The transulfuration pathway links methionine metabolism to the biosynthesis of cellular redox-controlling molecules such as cysteine, glutathione, and taurine [@pone.0049683-Rosado1]. Cysteine generated through the transulfuration pathway determines cellular redox-controlling molecule levels, such as glutathione and taurine protecting cells against reactive species-induced damage [@pone.0049683-Prudova1] of DNA through base and sugar modifications, base-free sites, DNA-protein crosslinks, and strand breaks [@pone.0049683-Demple1], [@pone.0049683-Laval1]. Thus, downregulated expression of *CBS* may impair the production of glutathione thus facilitating tumorigenesis [@pone.0049683-Parl1]. In addition, redox imbalance stimulates protein kinase and poly-(ADP ribosylation) pathways leading to inhibition of apoptosis and resulting in necrotic cell death, followed by inflammatory responses and tumor development [@pone.0049683-Audebert1]. There are some studies that have evaluated the association between malignant tumor susceptibility and polymorphisms of the *CBS* gene (844ins68) in CRC [@pone.0049683-Shannon1], [@pone.0049683-LeMarchand1] but not in esophageal or gastric cancer [@pone.0049683-Ott1]. In addition, *CBS* 844ins68 polymorphism is associated with decreased survival in head and neck squamous cell cancer [@pone.0049683-Galbiatti1].

Furthermore, the loss of *CBS* expression could lead to the accumulation of homocysteine, which will be recycled to methionine by methionine systhase via the remethylation pathway [@pone.0049683-Kraus1]. As methionine acts as the source of methyl group donor for DNA methylation, its increase caused by loss of *CBS* expression may dysregulate DNA methylation. Our results revealed frequent methylation of *CBS* in gastrointestinal cancer cell lines and primary tumors. Thus, the suppression of *CBS* by promoter methylation, instead of genetic alterations, would also result in a disturbance of methyl-group metabolism and contribute to cancer development with increased DNA damage by oxidative stress, impairing antioxidant capacity, and dysregulating DNA methylation. However, *CBS* methylation was not associated with recurrence in our cohort of patients with stage II CRC. We suggest that larger cohorts of patients are necessary to study this potential association with sufficient statistical power.

The prognostic value of *KRAS* mutations in patients with CRC remains controversial. A study by Roth *et al.* suggested that the prognostic value for *KRAS* mutation status for PFS and OS was lacking in patients with stage II and III resected colon cancer [@pone.0049683-Roth1]. However, it has been reported that stage III patients having *KRAS* mutations displayed significantly worse disease-free survival compared with those having wild-type *KRAS* [@pone.0049683-FariaSarasqueta1]. More importantly, few studies have differentiated *KRAS* mutations at codon 12 from those at codon 13 with respect to clinicopathological features and survival [@pone.0049683-Ahn1]--[@pone.0049683-Guerrero1]. In this study, we could not identify *KRAS* mutation status as a prognostic factor for relapse or metastasis in patients with stage II resected CRC. Instead, we found that *CBS* methylation was significantly associated with *KRAS* mutations. This feature is in line with a previous report showing that CpG island methylator phenotype (CIMP) is associated with *KRAS* mutations [@pone.0049683-Zlobec1].

In summary, the salient finding from this study is that *CBS* is suppressed by promoter methylation in colorectal and gastric cancers. We found that the methylation-mediated silencing of *CBS* could be reversed by genetic or pharmacologic demethylation, suggesting that *CBS* functions as a tumor suppressor in these cancer types. The deregulation of *CBS* and its association with a malignant tumor phenotype is potentially associated to the crucial role of CBS in methionine metabolism and the maintenance of intracellular redox homeostasis. Our study warrants further analysis of *CBS* as an epigenetic biomarker for the molecular diagnosis of CRC and gastric cancer.
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